(Lin et al., 1998), the identity of genes that can mutate to extend life span indicates that extracellular signaling molecules and receptor-mediated signal transduction pathways are of central importance.
cause it is highly repeated, or is there some underlying molecular Achilles heel in this region of the genome? In this paper, we study a class of mutations termed hrm 1991). The hrm mutations also reduce the rates of rethat uniquely affect recombination in the rDNA and not combination in the rDNA as measured by loss of a URA3 other genomic sequences (Lin and Keil, 1991) . hrm1 marker inserted into that locus. Recombination in submutants enjoy a much longer life span than the wild-type strates not involving HOT1 are not affected by these parent. The cloning of HRM1 reveals that it is identical to mutations (Lin and Keil, 1991) . Thus, the HRM genes FOB1, thus suggesting that a blocked replication fork selectively promote recombination in the rDNA and are in the rDNA may be a unique molecular structure that therefore unlikely to encode general recombination renders cells vulnerable to DNA breaks, ERC formation, functions used throughout the genome. As such, these and aging.
mutations might selectively interfere with production of ERCs, without compromising the repair of DSBs generally in the yeast genome.
Results
Life spans were determined for an isogenic set of strains consisting of the wild type and mutants in increase in life span (see Table 1 and Figure 2B ). We show later that the life span of hrm1-1 is comparable to that of a null mutant in that gene; hrm1-2 is thus likely Second, the cloned sequence was linked to the hrm1-1 mutation in 40 of 40 tetrads. Third, deletion of the cloned to be a leaky mutation.
gene in a wild-type strain evoked the hrm hyporecombination phenotype, which was not complemented by ERC Levels in Aging hrm1 Mutants The longer life spans of hrm mutants could result from hrm1-1. Fourth, the deletion mutant had a life span similar to the hrm1-1 mutant (see below). Fifth, the hrm1-1 a reduction in the accumulation of ERCs in aging mother cells. Thus, the hrm1-1 and hrm1-2 mutants, along with and hrm1-2 mutations were identified within the sequence of the clone (see below). the wild-type strain were all grown for eight generations and sorted as described (Smeal et al., 1996; HRM1 is identical to the FOB1 gene. The sequence of the hrm1-1 and hrm1-2 mutations were identified and and Guarente, 1997). In young, unsorted cells, a small quantity of ERC species (arrows) was visible in the wild change Cys-246 to Arg and Thr-277 to Pro, respectively. The FOB1 sequence was precisely deleted from the type but not hrm1 mutants (Figure 3 ). The levels of chromosomal rDNA were comparable in all three samples genome of the parent strain, and the resulting derivative showed a reduced level of URA3 loss in the rDNA as (arrowhead). In the eight-generation-"old" cells, ERC species were quite apparent in the wild type, but much compared to wild type (0.3 ϫ 10 Ϫ3 and 1.9 ϫ 10 Ϫ3 , respectively). The life span of the ⌬fob1 strain was exless abundant in the hrm1 mutants. The levels of ERC species in the hrm1-1 mutant were less than in the tended about 70% compared to wild type, like the hrm1-1 mutant ( Figure 2C ). The rate of HOT1-stimulated hrm1-2 mutant, consistent with the notion that hrm1-2 is a weaker allele. recombination in the ⌬fob1 strain was also similar to that in the hrm1-1 mutant ( Table 1) The reduction in accumulation of ERCs in the fob1 mutants could either result from a reduction in the frealized by a colony sectoring assay (Lin and Keil, 1991) . This clone was deemed to be authentic HRM1 by several quency of formation of ERCs, an impaired ability of ERCs to replicate or segregate to mother cells after they have criteria (see Experimental Procedures for details). First, the isolated plasmid DNA was capable of restoring colformed, or an increased degradation or reintegration into the genome of ERCs. To distinguish between these ony sectoring when transformed into the hrm1-1 mutant. fused to the GFP-coding sequence on a centromeric plasmid and transformed into hrm1-1 mutant cells. The plasmid fully complemented the hyporecombination phenotype (data not shown). Fluorescence microscopy performed on live cells revealed Fob1p-GFP to be concentrated in a crescent-shaped structure beside the nucleus reminiscent of the nucleolus ( Figure 5A ). Cells transformed with a control GFP plasmid failed to show this pattern (data not shown). The localization persisted throughout the cell cycle (see Figure 5A ). We performed indirect immunofluorescence on cells expressing the chimeric protein with an antibody directed to the nucleolar protein Nop1p, as well as with an anti-GFP antibody Figure 5B) . The signals colocalize exactly, and we The Cre-lox system was used to generate ERCs as described (Sinconclude that Fob1p is concentrated in the nucleolus.
clair and Guarente, 1997), and life spans were determined. In this strain, W303R, in the absence of induction of ERCs, the fob1 mutation extends life span, but to a lesser degree than in strain K2307.
Deletion of FOB1 Does Not Extend Life Span
After induction of ERCs on galactose/raffinose (ϩ), the fob1 mutant in the ⌬sgs1 Strain span in the fob1 sgs1 double mutant would approximate the long life span of the fob1 single mutant. Thus, the possibilities, we used the site-specific recombinase Cre life span of isogenic strains in which SGS1, FOB1, or to create ERCs, as previously described. This method both SGS1 and FOB1 were deleted was determined. employs two plasmids, one with an ADE2-marked ERC This experiment was carried out in the W303R (RAD5) flanked by loxP sites and a second with Cre under Galstrain. Figure 6A shows that the short life span of the inducible control (Sinclair and Guarente, 1997). If the sgs1 mutant was hardly affected by deleting FOB1. This fob1 mutant extends life span because it reduces the finding suggests that the ERCs that are produced prefrequency of formation of ERCs from the rDNA array, maturely in the sgs1 mutant are generated by a mechathen both the mutant and wild-type strains should have nism that does not depend upon blocked replication similar, short life spans when ERCs are generated ectopforks. In addition to its failure to suppress the short life ically by Cre. Induction of the Gal promoter was not span of the sgs1 mutant, the fob1 deletion did not reduce sufficiently strong in the K2307 strain background to the levels of rDNA circles or the elevated rate of recombiefficiently produce ERCs, so the W303R (RAD5) strain nation in the rDNA, as assayed by marker loss rates was used. In this strain background, the fob1 deletion ( Figure 6B ; Table 2 ). This finding reinforces the claim results in a 30% life span extension (see Figure 6) . that the sgs1 mutation stimulates rDNA recombination As shown in Figure 4 , induction of the marked ERC and the formation of ERCs by a mechanism that does gave rise to a similarly short life span in both the wildnot involve blocked replication forks. The nature of this type parent and the fob1 mutant. In the uninduced conmechanism, which is also likely to cause the observed trol, the wild type showed the normal life span, and the elevated rates of recombination outside of the rDNA in fob1 deletion gave an extended life span. This experisgs1 mutants (Gangloff et al., 1994; Watt et al., 1995), ment demonstrates that the ability of ERCs to replicate is considered in the Discussion. These findings thus and to arrest the growth of cells is not impaired in the suggest that the earliest steps leading to the generation fob1 mutant relative to the wild type. We also observed of ERCs and aging may differ between wild type and the a comparably strong segregation bias of the ERC for sgs1 mutant. However, these pathways would quickly mother cells in FOB1 and fob1 strains. In more than 600 converge because the ERCs, which are produced by cell divisions monitored for each strain, ERCs failed to either mechanism, elicit subsequent steps in aging. segregate to daughter cells in 81% of cases for the wild type, and 83% for the fob1 mutant. We conclude Discussion therefore that the reduction in ERC accumulation and the extension of life span in the fob1 mutant must be
In this paper, we show that mutation of FOB1 reduces due to a reduction in the formation of ERCs. This finding the formation of extrachromosomal rDNA circles (ERCs) suggests that a blocked replication fork is the structure in mother cells and impressively extends their life span. that elicits the formation of ERCs and aging in wild-type
The known molecular function of FOB1 is the creation strains. A model for how this may occur is presented in of a unidirectional block in replication of the rDNA (Kothe Discussion. bayashi and Horiuchi, 1996). This block assures that rDNA is replicated in one direction, that is, in the direcFob1 Is a Nucleolar Protein tion of transcription of 35S rRNA. In fob1 mutants, rDNA To gain additional evidence that the effect of Fob1p on replication is bidirectional, with no evident disadvantage life span occurs via the rDNA, the intracellular localization of the protein was determined. The FOB1 gene was to cells (Kobayashi and Horiuchi, 1996). The extended life span of fob1 mutants suggests that a blocked replihomologous recombination. They further find that mutation in DNA polymerase delta, which is proposed to cation fork may be a vulnerable structure in the rDNA that initiates the aging process. We can not eliminate synthesize the lagging strand during replication, stimulates formation of Holliday structures. By the above the possibility, however, that some other, yet to be determined, function of FOB1 is the basis of the effects on model, this could occur because the newly synthesized DNA that pops out of the template and is presented at ERC formation and life span. mutant. In the sgs1 mutant, double-strand breaks may be generated by a To generate a Fob1p-GFP fusion, the whole FOB1 ORF and its separate mechanism, such as nonspecific pausing of replication in promoter were amplified by PCR on genomic DNA isolated from the rDNA. strain K2307. It was then inserted in frame with GFP in pPS1527, a centromeric, URA3-marked plasmid, generating plasmid pPAD146. pPAD146 fully complemented the rDNA recombination defect of origins in the rDNA in S phase. Therefore, under these hrm1-1 and fob1⌬ mutant strains (data not shown).
conditions, the probability of DSBs at the fork block sites and the accompanying recombination could be 
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